In 12-15-day pregnant rat
METHODS
The experiments were performed on circular and longitudinal muscle strips of 12-15-day pregnant rat (Wister-King variety) myometria by means of the mechanography, microelectrode and double sucrose gap methods as described previously (KAWARABAYASHI and OSA, 1976) . A normal virgin female was placed in a cage with a male rat and left to copulate for a week. The period of gestation was calculated from the day after the male and female were placed together, or estimated according to the statistical standard of fetal development (WITSCHI, 1964) .
The pregnant rats were stunned and bled, and fetuses were weighed (each ranging between 0.05-3.0g). The fetal body was carefully surveyed, and period of gestation was estimated. The endometrium was carefully removed from the uterus with a fine forceps. Longitudinal and circular muscle strips (7 mm long, 3 mm wide) were prepared by cutting the myometrial muscle sheet along the longitudinal or tangential axis of the uterine horn, respectively. One end of the strip was fixed on a rubber block by pins, and the other end was tied with thread to a strain gauge transducer. Impalement of circular and longitudinal muscle cells with microelectrodes was done from the endometrial side and the serous side, respectively. The double sucrose gap method was used for the purpose of observing the relative change of membrane conductance. 
RESULTS
Electrical parameters of the membrane in the resting state of circular muscle The length constant of the tissue excised from circular muscle was measured with the method described by ABE and TOMITA (1968) . Figure 1 shows an example of the current-voltage relation and the amplitude of the electrotonic potentials plotted against distance. The amplitude of electrotonic potential was recorded in the steady state (pulse duration 1,000 msec) at four different distances from the stimulating partition (0.4, 1.0, 1.4 and 1.8 mm). Roughly linear relations between the applied inward current intensities and the amplitudes of the electrotonic potential at four places were seen. When spatial decay of the electrotonic potential Propranolol (10-7 g/ml) was pretreated before treatment with phenylephrine (10-7 g/ml) shown in 1B. 2A and B are continuous records. Applications of drugs are indicated by bars. Fig. 3 . Effects of phenylephrine (10-7 g/ml) on the spontaneous mechanical activity of circular muscle of mid-pregnant rat myometrium (A). In records B and C, phentolamine (10-7 g/ml) and propranolol (10-7 g/ml) were pretreated, respectively, before treatment with phenylephrine (10-7 g/ml). Application of drugs is indicated by bars. muscle of pregnant rat myometrium exhibited spontaneous electrical activity which consisted of two parts, spike and plateau potentials. The spike potential of circular muscle had a smaller amplitude and slower rate of rise compared with that of longitudinal muscle. The plateau potential amounting 20-30 mV and lasting 3-10 sec appeared in the circular muscle of 12-15-day pregnant rat myometrium. When 10-7 g/ml phenylephrine was applied, the duration of the plateau gradually increased but the amplitude of the plateau potential was not affected. The amplitude of contraction was gradually enlarged in accompanying the prolongation of the plateau phase. By application of 10-5 g/ml phenylephrine (B), the duration of plateau and contraction showed further increase than those observed by treatment with 10-7 g/ml, and the amplitude of contraction became larger. The relationship between membrane potential and concentrations of phenylephrine is shown in Fig. 5 . The ordinate expresses the membrane potential at the maximum diastolic potential and the abscissa is the concentration of phenylephrine. The filled circles are mean of maximum diastolic potentials measured under pretreatment with 10-7 g/ml propranolol. The control value of the membrane potential was 48.8+1.9 mV (n = 23). When 10-8 and 10-7 g/ml phenylephrine were given, the membrane potential was not significantly changed (t >0.05). In the presence of 10-6 or 10-5 g/ml phenylephrine, the membrane potential was slightly depolarized. The effects of phenylephrine on the membrane potential were not affected under pretreatment with 10-7 g/ml propranolol. The changes of plateau duration and membrane conductance before, during and after application of 10-7 g/ml phenylephrine were observed by the double EFFECTS OF PHENYLEPHRINE ON CIRCULAR MUSCLE 633 sucrose gap method. When phenylephrine was applied, the plateau duration was prolonged but the amplitude of electrotonic potential evoked by inward current pulse was not significantly changed. This means that phenylephrine does not affect the ionic conductance of the resting membrane but solely prolongs the plateau phase thus enhancing the tension development.
Effects of phenylephrine in various ionic environments on the spontaneous activity of circular muscle Effects of [Ca] o on the spontaneous activity. The effects of [Ca] o on the spontaneous and evoked activities of circular muscle were observed using the microelectrode method (KAWARABAYASHI and OSA, 1976) , and the double sucrose gap method (OSA and KAWARABAYASHI, 1977) . The present experiments were done using the microelectrode method, and [Ca]o was changed from 2.2 mm to 12.0 mM. When [Ca] o was increased from 2.2 mM to 5.0 mM, the peak depolarization of the plateau potential and the resting membrane potential were not changed but the plateau duration was markedly prolonged. Contraction was augmented in accordance with the prolongation of the plateau potential. By application of 8.0 mM [Ca] o, the amplitude of the plateau potential was not changed but the duration of the plateau potential was less prolonged compared to that observed in 5.0 mM Ca. The plateau duration became shorter in 12.0 mM Ca and the amplitude of the contraction was proportional to the duration of the plateau potential. The resting In records A-D intracellular membrane activity was recorded from the same cell.
EFFECTS OF PHENYLEPHRINE
ON CIRCULAR MUSCLE 635 reappeared and the plateau duration was gradually prolonged. The amplitude of contraction was gradually increased in accordance with the prolongation of plateau duration. The membrane potential was not affected (C-E). Figure 7 -II shows the effects of phenylephrine on the electrical and mechanical activity of the circular muscle in high [Cat, condition. When [Ca] o was raised from 2.2 mM to 8 mM, the frequency of spontaneous activity was reduced and the plateau duration became shorter than that of the control. The membrane potential was not significantly affected. These observations confirmed the previous observations (OSA and KAWARABAYASHI, 1977) . However, the amplitude of accompanying contraction was slightly increased. The nature of reduced plateau potential with enhanced contraction is not solved in the present experiments. When 10-7 g/ml phenylephrine was applied, the plateau duration was gradually prolonged, the accompanying contraction was potentiated and frequency of the spontaneous activity was increased. As shown in 7-II C and D, after application of phenylephrine the slow depolarization (prepotential) preceded the generation of the action potential.
Effect of phenylephrine in Mn-containing solution. Figure 8 shows the effect of phenylephrine on spontaneous electrical and mechanical activities of circular Vol. 28, No. 5, 1978 muscle in the presence of 1 mm Mn. A-C are slower records and D-G are faster ones. By application of 1 mm Mn, the spontaneous membrane activity was gradually abolished and membrane potential was slightly depolarized (A and E). Cessation of the spike component preceded abolition of the plateau potential and the contraction was also abolished. When the spontaneous activity completely ceased in Mn solution, the electrical stimulation could not evoke the action potential (F). Following pretreatment with Mn, 10-7 g/ml phenylephrine generated the plateau potential alone transiently and gradually depolarized the membrane to the level of the plateau (B and G). By washing the tissue with normal Locke solution, the membrane was repolarized gradually and the plateau component reappeared. The spike component appeared after the membrane was repolarized to a certain level (C). Effect of phenylephrine in low and excess [K]o solutions. When [K] o was reduced to a quarter the normal concentration (1.4 mM), the appearance of action potentials became irregular and the frequency of spontaneous activity gradually decreased without appreciable change in the membrane potential. The duration of plateau potential became shorter, and the magnitude of contraction changed in proportion to changes in the plateau duration. When 10-7 g/ml phenylephrine was added, the frequency of spontaneous activity and the plateau duration were gradually increased with an accompanying contractile potentiation. The membrane potential was not significantly changed. By readministration of K ion, the membrane was hyperpolarized by about 10 mV, and the spontaneous electrical and contractile activities were abolished. After about 10 min, the membrane potential returned to the control level and the spontaneous activities reappeared. The plateau duration was gradually prolonged to normal. level.
When [K] o was completely removed from the external medium, the spontaneous activities completely ceased as shown in Fig. 9 . However, an action potential could be evoked by depolarizing current pulse. ' The amplitude of the evoked spike was nearly the same as that observed in Locke solution but the plateau duration was much shorter and contraction smaller (B). By application of 10-7 g/ml phenylephrine, the action potential reappeared and its duration was gradually prolonged. The membrane was gradually depolarized by several millivolts in the presence of phenylephrine. As observed in excess [Ca] o solution, treatment with phenylephrine in low [K]o solution or K-free solution (C) produced the prepotential with the action potential. When K ion was readmitted, the membrane was transiently hyperpolarized (15 mV), and the spontaneous activities were abolished. Following the depolarization of the membrane to close the resting level, the action potential and the contraction reappeared after about 12 min (D).
When the [K]o was increased to twice the normal [K]o, the membrane was depolarized and plateau duration was prolonged. The amplitude of contraction increased in accordance with the prolongation of plateau duration. When 10-7 g/ml phenylephrine was added, the membrane was more depolarized and the G, record taken 1 min after adding 10-7 g/ml phenylephrine. plateau duration was gradually prolonged.
Effect of phenylephrine in low [Nab solution. NaCl was replaced by choline-Cl (with 10-6 g/ml atropine), and, therefore, [Cl]a remained the same as that in Upper record shows electrical activity and lower record contraction.
Locke solution. The reduction of [Na] o to about half (85 mm) did not show any noticeable change in spontaneous activity. As shown in Fig. 10 , when NaCI was completely replaced by choline-Cl, leaving 15.7 mm Na remaining in NaHCO3 buffer, the membrane was transiently depolarized near the plateau level and the plateau duration often exceeded more than 1 min (B and C). The amplitude of contraction was markedly potentiated and closely correlated with the duration of plateau phase. After about 30-40 min, the membrane was gradually repolarized and spontaneous periodical activity reappeared (D). The membrane potential at the steady state in Na-deficient solution was slightly lower than in normal ionic solution (from -48.5 mV to -43.1 mV, n=22). Following the membrane potential reached the steady level, the plateau duration became longer than that observed in the control (D). By treatment with 10-7 g/ml phenylephrine, the plateau duration was not significantly changed, however the frequency of action potential was increased and the amplitude of the contraction became small (E). NaCl was substituted by choline-Cl with 10-6 g/ml atropine. Upper record shows electrical activity and lower record contraction.
A, onset of the effect in 15.7 mm [Na] o solution applied at the time indicated by arrow; B, record taken 5 min after external [Nab was reduced; C, 15 min; D, 30 min; E, added with 10-7 g/ml phenylephrine.
In records A-E intracellular membrane activity was recorded from the same cell.
with equivalent NaBr, the membrane was initially depolarized close to the plateau level and no fluctuation of the membrane was observed, however, after about 30 min, the membrane again showed fluctuation and periodical appearances of plateau potentials were observed (B). The plateau duration became much longer than the control, and the duration often exceeded more than 1 min. During the plateau formation, a small fluctuation of the membrane potential was observed (B). When the contraction in Cl-deficient solution was compared with that in Locke solution, prolonged plateau duration did not enhance the contraction and the appearances of the contraction correlated with small fluctuation of the membrane. Application of phenylephrine (10-7 g/ml) still preserved the property of prolonging the plateau duration (C), and often the plateau duration exceeded more than 2 min. However, the contraction was not potentiated (C).
In contrast with the effects of Cl-deficient media prepared by Br ion, the situation differed greatly when 154 mm Cl was substituted with benzene sulphonate (Fig. 11-II) . When the tissue was immersed about 3 min in the benzene sulphonate solution, the frequency of spontaneous electrical activity was increased and the plateau duration was obviously reduced (B). After about 10 min immersion in this solution, the membrane was nearly repolarized to the control level and the frequency of the membrane activity was reduced, and the plateau duration became shorter. The membrane activity and tension development were nearly dissociated in Cl-deficient benzene sulphonate solution (B and C) as observed in the Br containing solution. By application of 10-7 g/ml phenylephrine, the plateau duration was prolonged. However, it only reached the control value (D), and the mechanical response was still suppressed. (OSA, 1974) . Thus, not only the ionic mechanisms involved in the generation of action potential but also electrophysiological parameters appear different between the circular and the longitudinal muscle. The electrical activity of membrane evokes the contraction. MIRONNEAU (1973) studied the depolarization-contraction relation in the pregnant rat myometrium and concluded that the amplitude and duration of the contraction depend on the amplitude and duration of depolarization, respectively. In guinea pig ureter the shape of the action potential was very similar to that of circular muscle of mid-pregnant rat myometrium. SHUBA (1977 a, b) indicated that the phasic contractions are triggered by the initial spike component of the action potential, whereas the duration of the contraction is associated with the plateau potential.
DISCUSSION
It appeared that the a-effect of phenylephrine on circular muscle of mid-pregnant rat myometrium was usually produced through prolongation of the plateau duration without changing the amplitude of plateau, membrane potential and membrane resistance. When the concentration of phenylephrine was increased, the membrane was sometimes depolarized. However, the depolarization caused by phenylephrine was usually insignificant. The change in the passive ionic permeability of the membrane was very small and much less pronounced than the effect on the plateau potential. It is unlikely that a change of the resting ionic permeability induced by phenylephrine is the primary cause for the prolongation of the plateau. The prolonged action potential caused by treatment with catecholamine were previously investigated in pregnant rat myometrium (KAWARABAYASHI and OSA, 1976) , and it was suggested that the effects of catecholamines on the contractile activity were always accompanied by a change in the slow potential (plateau potential) and the effects were due to a change in Ca-influx or an availability of [Cab in some way involving the change in plateau potential. It can be pointed out that the amplitude of contraction depends on the plateau duration in various concentration of [Ca] o or in the presence of phenylephrine except in rather high [Ca] o (see Fig. 6 ). Similar prolongation of the plateau potential was also reported in the guinea pig ureter by SHUBA (1977 a, b) , i.e., noradrenaline, besides its weak effect on passive membrane property, has a strong specific effect on the potential-dependent conductance of the slow Na channels. On the other hand, in the circular muscle of pregnant rat myometrium, it was suggested that the plateau potential appeared to be partly due to inward Ca-current and was also produced as a prolonged delay of repolarization which was probably due to a decrease in outward K-current (OSA and KAWARABAYASHI, 1977) .
When the effects of phenylephrine in various ionic environments were observed, the prolongation of plateau potential seemed to be composed of many complicated factors, i.e., i) in low-K or K-free solution the spike frequency and plateau duration were suppressed or spike generation ceased. Phenylephrine depolarized the membrane, restored the membrane activity, prolonged the plateau potential and GOVIER et al., 1966; GIOTTI et al., 1968 GIOTTI et al., , 1973 PAPPANO, 1971 
